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1. 

METHOD AND APPARATUS FOR 
REPRODUCING OPTICAL INFORMATION 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to an optical information 

reproducing method of reproducing multi-level information 
recorded on an information recording medium, Such as an 
optical disk, and an apparatus for the method, and more 
particularly, to a method of efficiently performing level cor 
rection and automatic gain control (AGC) on a reproduction 
signal with high precision, and an apparatus for the method. 

2. Description of the Related Art 
Up to now, binary digital data is recorded on a spiral or 

concentric track of an optical disk. As recording methods, 
there are recording methods based on concave and convex 
pits formed by embossing, or the like (for a ROM disk), holes 
formed in an inorganic or organic recording film (for a write 
once disk), a crystal state difference (for a phase change disk), 
a magnetization direction difference (for a magneto-optical 
disk), and the like. 
When the recorded data is to be reproduced, a laser beam is 

emitted to the track to detect an intensity difference between 
reflected light beams, a polarization direction difference 
caused by a magnetic Kerr effect, and the like, thereby obtain 
ing a reproduction RF signal. Then, binary data is detected 
based on the obtained reproduction RF signal. 

In recent years, research and development for increasing a 
recording density of the optical disk are under way. A tech 
nique for more efficiently performing multi-level recording 
and reproduction using light spots having a same size has 
been proposed as an information recording and reproduction 
technique using a very Small light spot. 

For example, the inventors of the present invention pro 
posed a method based on a multi-level recording and repro 
ducing technique in Japanese Patent Application Laid-Open 
No. H05-128530. That is, according to the method, multi 
level information is recorded on an information track of an 
optical information recording medium based on a combina 
tion of a width of an information pit in a track direction and an 
amount of shift of the information pit in the track direction 
relative to a reproduction light spot. In Japanese Patent Appli 
cation Laid-Open No. H05-128530, there is also proposed a 
method of reproducing multi-level information based on a 
correlation between a detection signal obtained by learning in 
advance and a detection signal obtained from a light spot 
when the recorded multi-level information is to be repro 
duced from the information pit. 

Further, a recording method of recording multi-level infor 
mation (cipher method) based on the amount of shift of the 
information pit in the track direction has been proposed. 

Here, a reproducing method in a case of eight-level record 
ing in which the width of the information pit in the track 
direction is changed stepwise will be described. First, when 
information is to be recorded on the information recording 
medium, an eight-level information pit is formed on each cell 
after the information is converted from binary data into one of 
eight levels. 

In the case of the eight-level recording, each cell corre 
sponds to binary data of three bits. For example, as shown in 
FIG. 20, with respect to information of three bits, (0, 0, 0) 
corresponds to a level 0 (0, 0, 1) corresponds to a level 1 (0. 
1, 0) corresponds to a level 2, and (0, 1, 1) corresponds to a 
level 3. In addition, (1,0,0) corresponds to a level 4, (1,0,1) 
corresponds to a level 5, (1,1,0) corresponds to a level 6, and 
(1, 1, 1) corresponds to a level 7. 
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2 
For example, as shown in FIG. 20, in order to select one of 

the eight-level information pits, a width of a cell in the track 
direction is divided into sixteen. Assume that the level 0 
indicates that no information pit for recording is formed, the 
level 1 indicates 2/16 of the width of the cell, and the level 2 
indicates /16 of the width of the cell. In addition, assume that 
the level 3 indicates 5/16 of the width of the cell, the level 4 
indicates/16 of the width of the cell, the level 5 indicates 1%6 
of the width of the cell, the level 6 indicates 12/16 of the width 
of the cell, and the level 7 indicates 1%6 of the width of the 
cell. 
The selected information pit for recording is formed at 

random. A reproduction signal corresponding to the amount 
of light which is reflected on the multi-level information pit 
and received by a photodetector is sampled at a timing when 
a center of a lightspot moves to a center of the width of the cell 
in the track direction. As a result, as shown in FIG. 21, 
amplitude distributions of reproduction signals correspond 
ing to respective levels are obtained. 

In FIG. 21, when the level 0, in which no information pit for 
writing is formed, is repeated, the amplitude of the reproduc 
tion signal is normalized as “1”. In addition, when the infor 
mation pit for recording, which corresponds to the level 7, is 
repeated, the amplitude of the reproduction signal is normal 
ized as “O'”. 
A value of the reproduction signal corresponding to each of 

the levels has a width because of an influence of the informa 
tion pits formed before and after a target information pit 
(inter-symbol interference). As is apparent from FIG. 21, 
when the amplitude distributions of the reproduction signals 
corresponding to adjacent levels overlap with each other, the 
levels cannot be separately detected based on a fixed thresh 
old value. 

In order to solve this problem, the following method is 
described in a report presented in an ISOM 2003 meeting (see 
ISOM 2003 meeting “Write-once Disks for Multi-Level 
Optical Recording, Technical Digest Fr-Po-04). That is, 
according to the described method, reproducing signals are 
read from a series of pits in which a value of a target infor 
mation pit and values of information pits before and after the 
target information pit are known in advance and then stored 
(learning). A value of the reproduction signal from an actual 
information pit is compared with the stored values (correlat 
ing) to separately detect the levels. 
The above-mentioned methods are examples of the con 

ventional multi-level recording and reproduction. In any of 
the methods, because of various factors, such as a reflectance 
difference between various optical disks in an optical disk and 
a reproduction frequency characteristic difference between 
an inner circumference side and an outer circumference side 
in a single optical disk, a variation in level or amplitude of the 
reproduction signal occurs. In addition, there is an influence 
caused by a mechanical factor difference or an optical factor 
difference between optical disk drives. Therefore, it is neces 
sary to eliminate those factors. 

According to a method of suppressing the level variation or 
the amplitude variation in the case where multi-information is 
to be reproduced, in general, fixed pattern regions, each of 
which is located between adjacent data regions, are provided 
at predetermined intervals to perform the automatic gain con 
trol (AGC) or level correction. 

FIG.22 is a simple diagram showing a normal block struc 
ture of the regions. As shown in FIG. 22, the fixed pattern 
region and the data region of the multi-level information are 
alternately recorded on the optical disk. The fixed pattern 
region is composed of a bias mark, again mark, and a clock 
mark. 
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A function of each of the marks will be described. In a case 
of the bias mark, a minimum mark is recorded (or no mark is 
recorded) on a cell to detect a minimum signal level. A level 
of a reproduction signal from a data region is corrected based 
on the minimum signal level as a reference level. 

In a case of the gain mark, a maximum mark is recorded on 
a cell to detect a maximum signal level. The AGC is per 
formed on a reproduction signal from a data region based on 
the maximum signal level. In a case of the clock mark, a tone 
signal is recorded on a cell to perform Zero cross detection. A 
phase deviation from a clock synchronized with multi-level 
data is detected based on the tone signal, thereby performing 
a PLL operation. 
When clock marks are used, sampling timings of Subse 

quent data regions can be made to coincide with one another. 
In some cases, the fixed pattern region further includes 
address information and waveform equalization adaptive 
information, which are omitted in FIG. 22. 
When a density is to be further increased, a size of the cell 

relative to the light spot becomes increasingly smaller, so a 
new problem occurs in the case where the level correction and 
the AGC are performed. That is, an S/N ratio of the reproduc 
tion signal is reduced by the inter-symbol interference with 
adjacent cells, with a result that the reproduction signal is 
more easily influenced by the level variation or the amplitude 
variation, which is caused by not only a low frequency com 
ponent, but also a noise having a frequency close to a repro 
duction signal frequency band. 

Therefore, a reproduction error rate significantly increases. 
For example, in a case of multi-level information data whose 
reproduction signal frequency is 22 MHZ, a low frequency 
component of 50 kHz or less can be removed by a high-pass 
filter, or the like. However, in a practical case, noises are 
generated by a wobble component of a Substrate groove, a 
substrate noise, or the like, evenina frequency band of 1 MHz 
to 5 MHz. The noises cannot be easily separated from the 
reproduction signal component. 
As a result, the reproduction signal level is influenced by 

the noises, so it is likely to generate an erroneous determina 
tion value. Those problems can be avoided by increasing the 
number offixed pattern regions to increase frequencies of the 
level correction and the AGC. However, the number of data 
regions cannot be ensured by the increase in the number of 
fixed pattern regions. Therefore, there is a problem in that 
format efficiency reduces. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide an optical 
information reproducing method capable of determining 
multi-level information with high precision without a reduc 
tion in format efficiency and influences of not only a low 
frequency component, but also a noise having a frequency 
close to a reproduction signal frequency band, and an appa 
ratus for the method. 
The present invention has been made to attain the above 

mentioned object. According to an aspect of the present 
invention, there is provided a method of reproducing multi 
level information recorded by changing one of a width and an 
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including the steps of setting the optical information medium 
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65 

4 
moved to a center of the cell recorded with the M-value, and 
correcting a reproduction signal level of the cell recorded 
with the N-value, which follows the cell recorded with the 
M-value, based on a difference between a cell center value 
and a reference value obtained from learning information. 

According to the feature of a first method of the present 
invention, the cell recorded with the M-value for each group, 
including the plurality of cells, each of which is recorded with 
the N-value (N23, M-N), is provided. The reproduction 
signal level of the cell recorded with the N-value, which 
follows the cell recorded with the M-value, is corrected based 
on the difference between the cell center value of the repro 
duction signal sampled when the center of the light spot is 
moved to the center of the cell recorded with the M-value and 
the reference value obtained from the learning information. 

According to the feature of a second method of the present 
invention, the cell recorded with the M-value for each group, 
including the plurality of cells, each of which is recorded with 
the N-value (N23, M-N), is provided. A peak of the repro 
duction signal sampled when the center of the light spot is 
moved to the center of the cell recorded with the M-value is 
detected to perform AGC on the reproduction signal. 

According to the feature of a third method of the present 
invention, cells recorded with successive M-values for each 
group, including the plurality of cells, each of which is 
recorded with the N-value mark (N23, M-N), are provided. 
A reproduction signal level of a cell recorded with the 
N-value, which follows a cell recorded with the M-value is 
corrected based on a difference between a reproduction signal 
sampled when the center of the light spot is moved to an 
interface between the cell recorded with the M-value and a 
following cell recorded with the M-value and a reference 
value obtained from learning information. 

Further features of the present invention will become 
apparent from the following description of exemplary 
embodiments with reference to the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram showing an optical information 
recording and reproducing apparatus according to an embodi 
ment of the present invention. 

FIG. 2 is an explanatory diagram showing a positional 
relationship among preceding and following cells, and a light 
spot, in a case where a cell center value is sampled. 

FIG. 3 is an explanatory diagram showing a positional 
relationship among the preceding and following cells, and the 
light spot, in a case where a cell boundary value is sampled. 

FIG. 4 shows a structure in which an M-value mark and 
N-Value marks are recorded in a block and sampling locations 
of data used for level correction in a first method according to 
the present invention. 

FIG. 5 is an explanatory diagram showing a width of an 
information pit in a track direction, which is changed accord 
ing to a level, in a case where the M-value mark is recorded 
based on a binary level. 

FIG. 6 shows an algorithm for performing the level correc 
tion on a reproduction signal in the present invention. 

FIG. 7 shows a cell center value learning table (one cell of 
an M-value mark and two cells of an N-value mark, M=2) 
consulted for performing the level correction by the first 
method according to the present invention. 

FIG. 8 shows a structure in which M is set to 2, N is set to 
8, and cells of two M-value marks and three N-value marks 
are recorded in a block in a second method according to the 
present invention. 
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FIG. 9 shows a cell boundary value learning table (two 
cells of an M-value mark, M=2) consulted for performing 
level correction by the second method according to the 
present invention. 

FIG. 10 shows a structure in which M is set to 2, N is set to 
8, and cells of three M-value marks and three N-value marks 
are recorded in a block in a third method according to the 
present invention. 

FIG. 11 shows a cell center value learning table (three cells 
of an M-value mark, M=2) consulted for performing level 
correction by the third method according to the present inven 
tion. 

FIG. 12 is a schematic block diagram showing an AGC 
circuit according to the embodiment of the present invention. 

FIG. 13 is an explanatory diagram showing a multi-level 
data determining method for a multi-level data determination 
circuit. 

FIGS. 14A and 14B show learning tables used for multi 
level data determination, in which FIG. 14A shows a cell 
center value learning table and FIG. 14B shows a cell bound 
ary value learning table. 

FIG. 15 is an explanatory diagram showing a method of 
determining a candidate value of a target cell based on the cell 
center value learning table of a cell center value determina 
tion section shown in FIG. 13. 

FIG. 16 is an explanatory diagram showing a method of 
determining a candidate value of the target cell based on the 
cell boundary value learning table of a cell boundary value 
determination section shown in FIG. 13. 

FIG. 17 is an explanatory diagram showing an algorithm 
for a final value determination section shown in FIG. 13. 

FIG. 18 is an explanatory diagram showing an algorithm 
for determining a multi-level of the target cell shown in FIG. 
17. 

FIG. 19 is an explanatory diagram showing an algorithm 
for correcting a multi-level of a preceding cell shown in FIG. 
17. 

FIG. 20 is an explanatory diagram showing widths in a 
track direction and corresponding combinations of three bits 
based on different levels of multi-level information pits. 

FIG. 21 is an explanatory diagram showing amplitude dis 
tributions of the cell center values. 

FIG.22 is a simple diagram showing a normal block struc 
ture of a fixed pattern region for performing the AGC and the 
level correction in an optical disk. 

DESCRIPTION OF THE EMBODIMENTS 

Hereinafter, a best mode for embodying the present inven 
tion will be described in detail with reference to the attached 
drawings. FIG. 1 is a block diagram showing a structure of an 
optical information recording and reproducing apparatus 
according to an embodiment of the present invention. In FIG. 
1, reference numeral 1 denotes an optical disk, which is an 
information recording medium in which spiral or concentric 
tracks are formed, 2 denotes a spindle motor for rotating the 
optical disk 1, and 3 denotes an optical head for recording or 
reproducing multi-level information on or from the optical 
disk 1. 
The optical head 3 includes a semiconductor laser, an 

objective lens, a photodetector, and the like, all of which are 
not shown. Laser light from the semiconductor laser is con 
densed by the objective lens to irradiate the light to the optical 
disk 1 as a very small light spot. Reflected light on the optical 
disk 1 is detected by the photodetector of the optical head 3. 
An operational amplifier 4 generates a focus error signal and 
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a tracking error signal based on a signal from the photodetec 
tor in order to perform control so that the light spot is scanned 
along a predetermined track. 
A servo circuit 5 performs focus and tracking control so as 

to scan the predetermined track with the light spot based on 
the signals from the operational amplifier 4. In addition, the 
servo circuit 5 controls the spindle motor 2 in order to rotate 
the optical disk 1 at a constant linear speed, a constantangular 
speed, or the like. 
When the multi-level information is to be recorded on the 

optical disk 1, inputted binary data 6 is converted into multi 
level data by a multi-level circuit 7. A signal corresponding to 
the multi-level data is outputted from a modulation circuit 8 to 
a laser driver circuit 9. Then, the semiconductor laser of the 
optical head 3 is driven by the laser driver circuit 9. Thus, a 
mark corresponding to the multi-level information is 
recorded on the track of the optical disk 1. 
An example of the method of recording the multi-level 

information includes a method of adjusting a width oran area 
of an information pit in a track direction or a phase of the 
information pit in a virtual cell provided on the track of the 
optical disk 1. 
On the other hand, when the multi-level information is to 

be reproduced, the optical disk 1 is irradiated with a light spot 
for reproduction by the optical head 3. Reflected light from 
the optical disk 1 is detected by the photodetector of the 
optical head3. The operational amplifier 4 processes a detec 
tion signal from the photodetector to generate a reproduction 
signal. The reproduction signal is converted into a digital 
signal by an A/D converter 10. 

After that, again of the reproduction signal is adjusted by 
an AGC circuit 19. Then, the reproduction signal is separated 
into a cell center value and a cell boundary value by a cell 
center value/cell boundary value separation and detection 
circuit 12. The processings (A/D conversion, gain control, 
and signal separation) are performed based on clocks gener 
ated by a PLL circuit 11. The cell center value separated by 
the cell center value/cell boundary value separation and 
detection circuit 12 is subjected to waveform equalization 
processing by a waveform equalizer 13 for a cell center value 
and the cell boundary value separated thereby is subjected to 
waveform equalization processing by a waveform equalizer 
14 for a cell boundary value. 

After that, a multi-level data determination circuit 15 reads 
a reference value of learning table data from a learning 
memory 17 and determines a multi-level based on the corre 
sponding reference value and one of the cell center value and 
the cell boundary value. Here, a correction circuit 18 in the 
present invention calculates a correction value based on the 
determined multi-level and a reference value of the learning 
table data and adds the correction value to data obtained by 
waveform equalization processing, thereby performing the 
level correction and the AGC. The multi-level is converted 
into a binary level by a multi-level-to-binary converter 16 and 
is outputted as binary data 20 therefrom. 
The above-mentioned operation corresponds to an outline 

of the method of recording and reproducing the multi-level 
information according to the present invention. Prior to the 
description of the correction circuit 18, a sampling position 
difference between the cell boundary value and the cell center 
value and respective characteristics of those will be described 
below with reference to FIGS. 2 and 3. 

FIG. 2 is an explanatory diagram showing a positional 
relationship among preceding and following cells and a light 
spot in the case in which a cell center value is sampled. For 
example, a track pitch of the optical disk 1 is set to 0.32 um 



US 7,706,243 B2 
7 

and a light spot size is set to 0.405 um (wavelength is 405 nm. 
and numerical aperture of the objective lens is NA 0.85). A 
cell size is set to 0.2 Lum. 

According to a result obtained by experiment, in the case of 
the above-mentioned parameters, when a level of each of the 
preceding cell and the following cell is changed among “0” to 
“7”, the cell center value of a target cell is not held to the same 
value, and, thus, has a width because of the influence of an 
inter-symbol interference. This is intuitively apparent from 
the fact that a skirt portion of the light spot located on the 
center cell overlaps on the right and left cells in FIG. 2. The 
influence of the inter-symbol interference on the cell center 
value increases with a reduction in cell size relative to the size 
of the light spot. 

FIG.3 shows a positional relationship in the case where the 
light spot is moved to an interface between right and left cells 
in the case where a cell boundary value is sampled. The size 
of the light spot is 0.405 um. In contrast to this, a total width 
of the two cells is 0.4 um. Therefore, a large portion of the 
light spot is located on the right and left cells. In other words, 
the cell boundary value sampled at the interface between the 
right and left cells is not almost influenced by the outside of 
the cells. Therefore, the influence of the inter-symbol inter 
ference, which is caused by the outside of the right and left 
cells, becomes Smaller. 
The cell center value and the cell boundary value as 

described above are obtained by the cell center value/cell 
boundary value separation and detection circuit 12 by Sam 
pling at the clocks, which are generated by the PLL circuit 11 
and synchronized with the multi-level data. The clock for 
sampling the cell center value and the clock for sampling the 
cell boundary value have the same frequency and different 
phases from each other by /2 period (assume that each cell 
corresponds to one period). 

For example, a method proposed in Japanese Patent Appli 
cation No. 2005-047198 (now published as Japanese Patent 
Application Laid-OpenNo. 2006-236441) by the inventors of 
the present invention can be used as a multi-level data deter 
mining method for the multi-level data determination circuit 
15. This method will be described in detail later. 

Next, a level correction method for the correction circuit 18 
and an AGC method for the AGC circuit 19 in the present 
invention will be described in detail. FIG. 4 shows a structure 
in which an M-value mark and N-value marks are recorded on 
cells of each block and sampling locations of data used for the 
level correction. It is assumed that this corresponds to a first 
method. 

Here, Mis set to 2 and N is set to 8. Assume that each block 
is composed of cells for one M-value mark and three N-value 
marks. The M-mark is recorded as a binary mark. Therefore, 
for example, as shown in FIG. 5, the mark of the level 0 is not 
recorded, and the mark of the level 1 is recorded in the track 
direction, so as to have a maximum width. This is identical to 
the case where the mark of the level 0 and the mark of the level 
7 are recorded and reproduced in view of the eight-level 
recording. When the M-mark is recorded as the binary mark, 
there are two advantages. 
A first advantage is that reproduction data of the M-value 

mark has substantially no error. A second advantage is as 
follows. Maximum and minimum levels of a cell center value 
of the M-value mark are equal to maximum and minimum 
levels of a reproduction signal. Therefore, the level difference 
is monitored every predetermined number of blocks, so a 
variation in amplitude of the reproduction signal can be mea 
Sured. In the present invention, the first advantage that no 
error occurs, as described above, is used for the level correc 
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8 
tion performed by the correction circuit 18 and the second 
advantage that the variation in amplitude can be measured is 
used for the AGC circuit 19. 
The level correction method for the correction circuit 18 

will be described. FIG. 6 shows, for example, an algorithm for 
reproducing multi-level marks recorded in the structure 
shown in FIG. 4 and obtaining correction values based on 
determination values. First, in Step S1, a correction operation 
for each block starts. Next, in Step S2, a reproduction signal 
of a sampled M-value mark, a cell center value in this case, is 
inputted. 

Then, in Step S3, learning table data of the learning 
memory 17 is accessed. In Step S4, a cell center value is 
obtained as a reference value from learning information of 
128 (8x2x8) patterns in total, as shown in FIG. 7, based on 
multi-level determination values for three successive cells 
(preceding cell, target cell, and following cell), which are the 
target cell of a target M-value mark and the preceding and 
following cells of the N-value marks. 

In order to prevent the inter-symbol interference between 
patterns, the information of the 128 patterns is recorded at 
predetermined pattern intervals in a head portion of a user 
data region of the optical disk 1. A controller (not shown) for 
controlling the respective portion of the apparatus detects a 
reproduction signal of a cell center value of each of the 
patterns before information recorded on the user data region 
is reproduced, and then causes the learning memory 17 to 
store sampling values as reference values. 
Not the learning information as described above, but ideal 

sampling values obtained in advance by a simulation may be 
recorded in the headportion of the user data region. After that, 
in Step S5, the reproduction signal from the cell of the 
M-value mark and a corresponding reference value are Sub 
tracted from each other and a difference therebetween is used 
as a correction value. Then, in Step S6, the correction value is 
added to each of the reproduction signals from the cells of the 
three N-value marks, which are subsequent to the target cell. 
In Step S7, the operation is completed. 
When the multi-level determination values for the three 

Successive cells are erroneous values, each of the obtained 
correction values becomes a value with low reliability. How 
ever, the cell of the M-value mark has a binary level, so the 
determination value therefor takes substantially a correct 
value. As a result, the accuracy of the determination value for 
each of the preceding and following cells can be improved. 
This is because the determination value for the preceding and 
following cells is determined based on the determination 
value for the cell of the M-value mark during the determina 
tion algorithm process. Therefore, the accuracy of the multi 
level determination values for the three successive cells is 
improved, with the result that the precision of the correction 
values can be improved. 

Next, a second method will be described. In this case, Mis 
set to 2 and N is set to 8. Assume that each block is composed 
of cells for two M-value marks and three N-value marks. Such 
a structure is shown in FIG. 8. 

As in the case of the first method, in Step S1 shown in FIG. 
6, the correction operation for each block starts. Next, in Step 
S2, a reproduction signal obtained by Sampling at an interface 
between the two cells of the M-value marks, a cell boundary 
value in this case, is inputted. In Step S3, the learning table 
data is accessed. In Step S4, a cell boundary value is obtained 
as a reference value from learning information of 4 (2x2) 
patterns in total as shown in FIG. 9 based on multi-level 
determination values for the two successive cells (preceding 
cell and target cell), which have target M-value marks. 
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The information of the four patterns is similarly recorded 
in the head portion of the user data region of the optical disk 
1. As in the above case, the controller (not shown) detects a 
reproduction signal of a cell boundary value of each of the 
patterns before the information recorded on the user data 
region is reproduced, and then causes the learning memory 17 
to store sampling values as reference values. 

After that, in Step S5, the reproduction signal of the cell 
boundary value and a corresponding reference value are Sub 
tracted from each other and a difference therebetween is used 
as a correction value. Then, in Step S6, the correction value is 
added to each of reproduction signals from the cells of the 
three N-value marks, which are subsequent to the target cell. 
In Step S7, the operation is completed. 

Next, a third method will be described. In this case, Mis set 
to 2 and N is set to 8. Assume that each block is composed of 
cells for three M-value marks and three N-value marks. Such 
a structure is shown in FIG. 10. 
As in the case of the first method, in Step S1 shown in FIG. 

6, the correction operation for each block starts. Then, in Step 
S2, a reproduction signal from the cell of the middle of the 
sampled three M-value marks, a cell center value in this case, 
is inputted. 

After that, in Step S3, the learning table data is accessed. In 
Step S4, a cell center value is obtained as a reference value 
from learning information of 8 (2x2x2) patterns in total, as 
shown in FIG. 11, based on multi-level determination values 
for the three Successive cells (preceding cell, target cell, and 
following cell), which have target M-value marks. 
The information of the eight patterns is similarly recorded 

in the head portion of the user data region of the optical disk 
1. As in the above case, the controller (not shown) detects a 
reproduction signal of a cell center value of each of the 
patterns before the information recorded on the user data 
region is reproduced, and then causes the learning memory 17 
to store sampling values as reference values. 

After that, in Step S5, the reproduction signal of the cell to 
be a center of the three M-value marks and a corresponding 
reference value are subtracted from each other and a differ 
ence therebetween is used as a correction value. Then, in Step 
S6, the correction value is added to each of reproduction 
signals from the cells of the three N-value marks, which are 
subsequent to the target cell. In Step S7, the operation is 
completed. 

Next, a method for the AGC circuit 19 will be described. A 
fundamental structure for detecting the maximum and mini 
mum levels of the reproduction signal to adjust the amplitude 
thereof is provided for the AGC in the present invention. The 
feature of the AGC is to use marks suitable to detect the 
maximum and minimum levels. 

That is, the detection is performed using fixed marks 
recorded on a region different from an information data 
region in the conventional multi-level recording and repro 
duction. In contrast to this, the detection is performed using 
signal levels of recorded binary marks having a multi-level 
value lower than that of information data in the present inven 
tion. The reproduction signal of the N-value mark is a multi 
step level, so the reproduction signal cannot be used as an 
input signal for the AG.C. 

FIG. 12 is a schematic block diagram showing an example 
of the AGC circuit 19. Peak detection is performed on a binary 
mark of an inputted reproduction signal at predetermined 
block intervals to detect the maximum and minimum levels. 
After that, a difference between the maximum and minimum 
levels and a reference amplitude value is multiplied by a 
coefficient to renew a gain value. When the difference 
between the maximum and minimum levels is equal to the 
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10 
reference amplitude value, the gain value to be renewed is 
Zero. After that, one is added to the gain value and the inputted 
signal is multiplied by the gain value for the AGC. For 
example, an element structure, or the like, on a circuit, which 
determines an input and output characteristic of the AGC, is 
not particularly limited and thus, the description thereof is 
omitted here. 

In the example shown in FIG. 4, the peak detection is 
performed on the cell center value of the production signal, 
which is sampled at the time when the center of the light spot 
is moved to the center of the cell subjected to M-value record 
ing, thereby performing the AGC on the reproduction signal. 

In the example shown in FIG. 8, the peak detection is 
performed on the cell center value of the production signal, 
which is sampled at the time when the center of the light spot 
is moved to the interface between the two successive cells 
subjected to M-value recording, thereby performing the AGC 
on the reproduction signal. 

In the example shown in FIG. 10, the peak detection is 
performed on the cell center value of the production signal, 
which is sampled at the time when the center of the light spot 
is moved to the middle of the three successive cells subjected 
to M-value recording, thereby performing the AGC on the 
reproduction signal. 
As described above, the AGC circuit in the present inven 

tion can be used in the same manner for any of the first 
method, the second method, and the third method, which have 
different structures with respect to the M-value mark and the 
N-value mark. The cell center value for the M-value mark is 
sampled to perform the peak detection. The above-mentioned 
method is the multi-level information reproducing method 
according to the present invention. 

Next, the multi-level data determination method for the 
multi-level data determination circuit 15 will be described 
with reference to FIGS. 13 to 19. This is proposed in Japanese 
Patent Application No. 2005-047198 as described above. In 
this embodiment, multi-level data corresponding to eight val 
ues of 0 to 7 are reproduced. FIG. 13 is an explanatory 
diagram showing the multi-level data determination method 
for the multi-level data determination circuit 15. The multi 
level data determination circuit 15 mainly includes a cell 
center value determination section 19, a cell boundary value 
determination section 20, and a final value determination 
section 21. 

First, the cell center value determination section 19 will be 
described. The cell center value determination section 19 
determines the cell center value based on the three successive 
cells (preceding cell, target cell, and following cell) as 
described with reference to FIG. 2. Upon receiving the repro 
duction signal of the cell center value, the multi-level data 
determination circuit 15 starts the operation in Step S1. 

Next, a value of the preceding cell is determined in Step S2 
(here, a value of the target cell, which is obtained in the 
immediately preceding step, is selected). For example, when 
the value of the target cell which is determined in the imme 
diately preceding step is “7”, “7” is selected as the value of the 
preceding cell (here, the “selection” means that not final 
determination, but a provisional determination). Alterna 
tively, a method of performing level slicing on the reproduc 
tion signal of the cell center value (value sampled at a time 
when the light spot is moved to the center of the preceding 
cell) at a plurality of threshold values corresponding to the 
respective levels to determine the value of the preceding cell 
may be used as the method of selecting the value of the 
preceding cell. 

Then, in Step S3, a value of the following cell is selected by 
performing level slicing on the reproduction signal of the cell 
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center value (value sampled at a time when the light spot is 
moved to the center of the following cell). (In the level slicing, 
a closest value is selected.) For example, “7” is selected as the 
value of the following cell. The value of the preceding cell and 
the value of the following cell, of the three successive cells, 
are selected by the above-mentioned operation. 

Then, in Step S4, a value of the target cell, which is closest 
to the reproduction signal of the cell center value is selected 
from a cell center value learning table (FIG. 14A) based on 
the value of the preceding cell and the value of the following 
cell. In Step S5, a second-closest value is selected. In Step S6, 
the values selected in Steps S4 and S5 are determined as a first 
candidate “a” and a second candidate “b'. 

Steps S4 to S6 performed by the cell center value determi 
nation section 19 will be described in more detail with refer 
ence to FIGS. 14A, 14B, and 15. FIGS. 14A and 14B show 
learning tables used for the multi-level data determination. 
FIG. 14A shows the cell center value learning table. This table 
has 512 (8x8x8) patterns in total, which correspond to all 
possible combinations of the preceding cell, the target cell, 
and the following cell. The information of the 512 patterns is 
recorded in the head portion of the user data region of the 
optical disk 1. Before the information recorded on the user 
data region is reproduced, the reproduction signal of the cell 
center value of the target cell in each of the patterns is 
detected, and then the sampling values are stored as the ref 
erence values in the learning memory 17. 

Next, a method of determining the candidate value of the 
target cell based on the cell center value learning table in 
Steps S4 to S6 performed by the cell center value determina 
tion section 19, as shown in FIG. 13, will be described with 
reference to FIG. 15. First, in Step S11, the operation starts. In 
Step S12, the reproduction signal of the sampled cell center 
value is inputted to the cell center value determination sec 
tion. In Step S13, the learning memory 17 is accessed. In Step 
S14, reference values obtained in the cell center value learn 
ing table shown in FIG. 14A are sequentially read out from 
the learning memory 17 every time the cell center value is 
inputted. 

At this time, “7” is selected as each of the value of the 
preceding cell and the value of the following cell (see the 
description of FIG. 13), so patterns to be read out from the 
table are limited from the 512 patterns to eight patterns, that 
is, combinations of (7.0. 7) to (7.7.7). Then, in Step S15, an 
absolute value of a difference between the cell center value 
and each of the reference values of the eight patterns is cal 
culated and obtained as an M-value. In Step S16, eight M-val 
ues are compared with one another and an M-value obtained 
when the value of the target cell is “a” (expressed by M(a)) is 
assumed to be minimum. Therefore, “a” is determined as the 
first candidate in the cell center value determination section 
19. 

In addition, an M-value obtained when the value of the 
target cell is “b” (expressed by M(b)) is assumed to be a 
second-minimum. Therefore, “b' is determined as the second 
candidate in the cell center value determination section 19. 
After that, the operation proceeds to Step S17 and is com 
pleted. The above-mentioned description relates to the cell 
center value determination section 19. 
The description returns to FIG. 13. A method of determin 

ing the value of the target cell in the cell boundary value 
determination section 20 will be described in detail with 
reference to FIGS. 14A, 14B and 16. As shown in FIG. 13, in 
Step S7, the cell boundary value determination section 20 
selects a value of the target cell, which is closest to the 
reproduction signal of the cell boundary value from the cell 
boundary value learning table (FIG. 14B), based on the value 
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12 
of the preceding cell, which is determined in Step S2. In Step 
S8, the value selected in Step S7 is determined as a candidate 
value 'X'. 

Steps S7 and S8 performed by the cell boundary value 
determination section 20 will be described in detail with 
reference to FIGS. 14A, 14B, and 15. FIG. 14B shows the cell 
boundary value learning table. This table has sixty-four (8x8) 
patterns in total, which correspond to all possible combina 
tions of the preceding cell and the target cell. The information 
of the sixty-four patterns is recorded in the head portion of the 
user data region of the optical disk 1 in the same manner. 
Before the information recorded on the user data region is 
reproduced, the reproduction signal of the cell boundary 
value of the target cell in each of the patterns is detected, and 
then the sampling values are stored as the reference values in 
the learning memory 17. 

Next, a method of determining the candidate value of the 
target cell based on the cell boundary value learning table in 
Steps S7 and S8 performed by the cell boundary value deter 
mination section 20, as shown in FIG. 13, will be described 
with reference to FIG. 16. First, in Step S18, the operation 
starts. In Step S19, the reproduction signal of the sampled cell 
boundary value is inputted to the cell boundary value deter 
mination section 20. In Step S20, the learning memory 17 is 
accessed. In Step S21, reference values obtained in the cell 
boundary value learning table shown in FIG. 14B are sequen 
tially read out from the learning memory 17 every time the 
cell boundary value is inputted. 
At this time, “7” is selected as the value of the preceding 

cell (see the description of FIG. 13), so patterns to be read out 
from the table are limited from the sixty-four patterns to eight 
patterns, that is, combinations of (7,0) to (7.7). Then, in Step 
S22, an absolute value of a difference between the cell bound 
ary value and each of the reference values of the eight patterns 
is calculated and obtained as an M-value. In Step S23, eight 
M-values are compared with one another and an M-value 
obtained when the value of the target cell is “X” (expressed by 
M(x)) is assumed to be minimum. Therefore, “x' is deter 
mined as the candidate value in the cell boundary value deter 
mination section 20. After that, the operation proceeds to Step 
S24 and is completed. The above-mentioned description 
relates to the cell boundary value determination section 20. 
The description returns to FIG. 13 again. An algorithm for 

the final value determination section 21 for performing a final 
determination, based on the candidate values obtained in the 
cell center value determination section 19 and the cell bound 
ary value determination section 20, will be described in detail 
with reference to FIGS. 17, 18, and 19. 

FIG. 17 is a flowchart showing a processing operation of 
the final value determination section 21. First, in StepS25, the 
operation starts. In step S26, the multi-level candidates “a”, 
“b', and “x' and the M-values M(a), M(b), and M(x) corre 
sponding thereto are inputted. In Step S27, “a” and “x'. 
which are candidate values selected in the preceding cell, are 
read out from the memory. The candidate values “a” and “x' 
correspond to “a” and 'x' stored in the memory before the 
completion of a series of final value determination operations, 
which is performed in the immediately preceding step in Step 
S30. In Step S28, the multi-level of the target cell is finally 
determined based on the parameters. In Step S29, the multi 
level of the preceding cell is corrected. In Step S30, “a” and 
“x' are stored in the memory. Then, the operation proceeds to 
Step S31 and is completed. 

Next, an algorithm of Step S28 for finally determining the 
multi-level of the target cell will be described in detail with 
reference to FIG. 18. In Step S32, the operation starts. In step 
S33, whether or not the case of “ax' is established is 
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checked. When “ax', the operation proceeds to Step S35 
because it is expected that an accuracy rate be considerably 
high. Therefore, the value of the target cell is determined to be 
“a”. In Step S42, the operation is completed. On the other 
hand, when “azx', the operation proceeds to Step S34 and 5 
whether or not the case where “azX' and “b=X' is established 
is checked. 

In this case, it is difficult to determine one of “a” and 'x' as 
a correct value. Therefore, it is necessary to determine the 
correct value in view of other parameters. In the present 10 
invention, “a” and ''x'', which are the candidate values 
selected in the immediately preceding step in the preceding 
cell, and M(a), M(b), and M(x), each of which is the absolute 
value of the difference with the reference value of the learning 
table, are used as the parameters. 

Next, a method of performing the determination in view of 
“a” and “x” in Steps S36 to S39 will be described. An object 
of this method is to examine a relationship between the can 
didate value of the preceding cell and the candidate value of 
the target cell, thereby further improving the accuracy of 20 
determination of the target cell. That is, a rule which is nec 
essarily made between the candidate value of the preceding 
cell and the candidate value of the target cell when a result 
obtained by determination of the preceding cell is different 
from an actual correct value is used. First, the case where'x' 25 
is erroneously determined as a final value of the preceding 
cell is examined. 

For example, assume that the correct value of each of the 
preceding cell and the target cell is “3, the candidate valuea' 
of the preceding cell is “3, and x' thereof is “2. Here, when 30 
“x', which is “2 is erroneously selected as a final determi 
nation value, “a” and 'x' which are the candidate values of 
the target cell become “3 and “4”, respectively, at high 
possibility. This reason is as follows. As described above, 
when the level of the preceding cell is “X” (0sXs7: X is an 
integer), the level of the following cell is “Y” (0s Ys7:Y is 
an integer), and the cell boundary value is “Z” (0sZs 14: Z is 
an integer), a relationship of “X+Y-Z' (or Z-X=Y) is held 
(In this case, Z=6). 

This is expressed by the following general expression: 
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When the condition in Step S36 or S37 is satisfied, “x” is 
erroneous at a high possibility. Therefore, “a” is finally deter 
mined for the target cell in Step S35. In Step S42, the opera 
tion is completed. 

In contrast to this, the case where a' is erroneously deter 
mined as the final value of the preceding cell is examined. 
Assume that the correct value of each of the preceding cell 
and the target cell is “3, the candidate value a' of the preced 
ing cellis “4”, and x' thereofis'3”. Here, whena' which is “4” 
is erroneously selected as the final determination value, “a” 
and “x', which are the candidate values of the target cell 
become '3' and “2, respectively, at high possibility. 

This is expressed by the following general expression: 
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(a-x)>0 and (ax')>0 Step S38 or 

60 
(a-x)<0 and (ax')<0 Step S39. 

When the condition in Step S38 or S39 is satisfied, “x” is 
erroneous at high possibility. Therefore, “a” is finally deter 
mined for the target cell in Step S35. In Step S42, the opera 
tion is completed. The above-mentioned method is the 
method of performing the determination in view of “a” and 
& Gl 
X. 

65 
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When any condition in Steps S36 to S39 is not satisfied, the 

determination is performed using the second method in view 
of M(a), M(b), and M(x). That is, when the condition in Step 
S40 (IM(b)-M(a)|<e and M(a)>M(x)) is satisfied, “x (=b) is 
finally determined for the target cell in Step S41. Here, ref 
erence symbol 'e' denotes a constant. For example, the con 
stant 'e' is desirably set to /2 to /4 of a level difference 
between the reproduction signals of the cell center values of 
the respective multi-levels. 

In other words, when the condition of “M(b)-M(a)|<e' is 
satisfied, it is very difficult to determine one of “a” and “b' 
based on the reproduction signal of the cell center value. In 
the ultimate case of “M(b)-M(a)=0, each of the possibility 
that the target cell has “a” and the possibility that the target 
cell has “b' is 50%. Therefore, when the condition of 
“M(a)>M(x) is satisfied, it is determined that the target cell 
has “x (b) at a high possibility. In Step S42, the operation is 
completed. 

Finally, the case where the conditions in Steps S33 and S34 
are not satisfied (the case of azX and bzX) is examined. In this 
case, “x' is erroneous at a high possibility. Therefore, the 
value of the target cell is determined to be “a” in Step S35 and 
the operation is completed in Step S42. This is because, it is 
apparent from a result obtained by simulation that an error at 
the time of reproduction in the case of multi-level recording is 
within approximately +1 level (“a” or “b' is correct), and thus 
the possibility that “x' is correct is very low. 
The description returns to FIG. 17. In Step S28, the multi 

level of the target cell is finally determined. After that, in Step 
S29, the multi-level of the preceding cell is corrected. 

FIG. 19 shows an algorithm for correcting the multi-level 
of the preceding cell in Step 29. First, in Step S43, the opera 
tion starts. Then, the relationship between the candidate value 
of the preceding cell and the candidate value of the target cell 
as described with reference to FIG. 18 is examined in Steps 
S44 to S47, to correct the finally determined value of the 
preceding cell. 

That is, when a rule is made between the candidate value of 
the preceding cell and the candidate value of the target cell, it 
is determined that a result obtained by determination of the 
preceding cell is different from an actual correct value. For 
example, assume that the correct value of each of the preced 
ing cell and the target cell is “3, the candidate value a' of the 
preceding cell is “3, and x' thereof is “2. Here, when X', 
which is “2, is erroneously selected as a final determination 
value, “a” and ''x'', which are the candidate values of the 
target cell become “3 and “4”, respectively, at a high possi 
bility. 

This is expressed by the following general expression: 

(a-x)>0 and (ax')<0 Step S45. 

Therefore, when the conditions in Steps S44 and S45 are 
satisfied, the operation proceeds to Step S48, the preceding 
cell is corrected to “a”. In Step S51, the operation is com 
pleted. In this case, it is determined that x', which is “2, is 
erroneously selected for the preceding cell. Thus, the preced 
ing cell is corrected to a', which is “3. 

In contrast to this, the case where a' is erroneously deter 
mined as the final value of the preceding cell is examined. 
Assume that the correct value of each of the preceding cell 
and the target cell is “3, the candidate value a' of the preced 
ing cell is “4”, and x' thereof is “3”. Here, whena', which is 
“4”, is erroneously selected as the final determination value, 
“a” and “X”, which are the candidate values of the target cell 
become '3' and “2, respectively, at a high possibility. 
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This is expressed by the following general expression: 
(a-x)>0 and (ax')>0 Step S46 or 

Therefore, when the conditions in Steps S46 and S47 are 
satisfied, the operation proceeds to Step S49, the preceding 
cell is corrected to “x”. In Step S51, the operation is com 
pleted. In this case, it is determined that a', which is “4” is 
erroneously selected for the preceding cell. Thus, the preced 
ing cell is corrected to x', which is “3. 
The above-mentioned detailed description relates to the 

operation of the final value determination section as shown in 
FIG. 17, and the multi-level data determining method for the 
multi-level data determination circuit 15. 

According to the present invention, the cell having a 
reduced multi-level value is provided in a portion of the data 
region. Therefore, high-density recorded multi-level infor 
mation can be reproduced at a high precision without a reduc 
tion informat efficiency of a recording medium. In particular, 
multi-level information can be determined at a high precision 
without influences of not only a low frequency component, 
but also a noise having a frequency close to a reproduction 
signal frequency band. 

While the present invention has been described with refer 
ence to exemplary embodiments, it is to be understood that 
the invention is not limited to the disclosed exemplary 
embodiments. The scope of the following claims is to be 
accorded the broadest interpretation so as to encompass all 
Such modifications and equivalent structures and functions. 

This application claims the benefit of Japanese Patent 
Application No. 2006-025596, filed Feb. 2, 2006, which is 
hereby incorporated by reference herein in its entirety. 

What is claimed is: 
1. A method of reproducing multi-level information 

recorded by changing one of a width and an area of an infor 
mation pit in a track direction, and a phase of the information 
pit in virtual cells provided on a track of an optical informa 
tion medium at predetermined intervals, the method compris 
ing the steps of 

setting the optical information medium including a plural 
ity of cells, each of which is recorded with an informa 
tion pit of a selected level of an N-value (N23), and a 
cell recorded with an information pit of a selected level 
of an M-value (M-N) for each group including the plu 
rality of cells, wherein the cell recorded with the infor 
mation pit of a selected level of the N-value follows the 
cell recorded with the information pit of a selected value 
of the M-value; 

obtaining a reproduction signal when a center of a light 
spot is moved to a center of the cell recorded with the 
information pit of a selected level of the M-value; and 

correcting a reproduction signal of the cell recorded with 
the information pit of the selected level of the N-value, 
based on a difference between the reproduction signal of 
the cell recorded with the information pit of a selected 
level of the M-value and a reference signal obtained 
from learning information. 

2. The method of reproducing multi-level information 
according to claim 1, wherein the reference value is a cell 
center value obtained from the learning information, based on 
a multi-level determination value for determining a multi 
level of a target cell recorded with the information pit of a 
selected level of the M-value and a multi-level determination 
value for a preceding cell and a following cell, which are 
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located before and after the target cell, each of which is 
recorded with the information pit of a selected level of one of 
the M-value and the N-value. 

3. The method of reproducing multi-level information 
according to claim 2, wherein when the target cell recorded 
with the information pit of a selected level of the M-value and 
Successive cells including the preceding cell and the follow 
ing cell, which are located before and after the target cell, 
each of which is recorded with the information pit of a 
selected level of one of the M-value and the N-value, are 
included in a single group, the learning information is 
obtained by learning in advance possible multi-level infor 
mation of each of the cell center values in the group. 

4. A method of reproducing multi-level information 
recorded by changing one of a width and an area of an infor 
mation pit in a track direction and a phase of the information 
pit in virtual cells provided on a track of an optical informa 
tion medium at predetermined intervals, the method compris 
ing the steps of 

providing a cell recorded with the information pit of a 
Selected level of an M-value for each group including a 
plurality of cells, each of which is recorded with the 
information pit of a selected level of an N-value (N23, 
M<N); 

obtaining a reproduction signal when a center of a light 
spot is moved to a center of the cell recorded with the 
information pit of a selected level of the M-value; 

detecting a peak from a plurality of reproduction signals; 
and 

performing automatic gain control on the reproduction 
signal based on a value of the detected peak. 

5. A method of reproducing multi-level information 
recorded by changing one of a width and an area of an infor 
mation pit in a track direction and a phase of the information 
pit in virtual cells provided on a track of an optical informa 
tion medium at predetermined intervals, the method compris 
ing the steps of 

setting an optical information medium including a plurality 
of cells, each of which is recorded with an information 
pit of a selected level of an N-value (N23), and cells 
recorded with successive information pits of a selected 
level of M-values (M-N) for each group including the 
plurality of cells; 

obtaining a reproduction signal when a center of a light 
spot is moved to an interface between a cell recorded 
with the information pit of a selected level of the 
M-value and a following cell recorded with the informa 
tion pit of a selected level of the M-value; and 

correcting a reproduction signal level of a cell recorded 
with the information pit of a selected level of the 
N-value, which follows the cell recorded with the infor 
mation pit of a selected level of the M-value, based on a 
difference between a cell boundary value and a reference 
value obtained from learning information. 

6. The method of reproducing multi-level information 
according to claim 5, wherein the reference value is a cell 
boundary value obtained from the learning information based 
on multi-level determination values for the cells recorded 
with the successive information pits of a selected level of 
M-values. 

7. The method of reproducing multi-level information 
according to claim 6, wherein when the cells recorded with 
the successive information pits of a selected level of M-values 
are included in a single group, the learning information is 
obtained by learning in advance possible multi-level infor 
mation of each of the cell boundary values in the group. 
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